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SUMMARY 
Eight-ply quasi-isotropic composite plates of Thornel 300 graphi te  i n  
Narmco 5208  epoxy resin (T300/5208)'  were t e s t ed  to  e s t ab l i sh  the  deg ree  of equiva- 
lence  between  low-velocity  impact and s t a t i c  t e s t i n g .  Both the  deformation  and 
f a i l u r e  mechanics under impact were representable  by s t a t i c  i n d e n t a t i o n  t e s t s .  
Under low-velocity impacts, such as tool drops, the dominant deformation mode of 
t h e  p l a t e s  was t h e  f i r s t ,  o r  s t a t i c ,  mode. Higher modes a re  exc i ted  on contac t ,  bu t  
they decay s ignif icant ly  by the time the  first-mode  load reaches a maximum. 
The delaminat ion  pat terns  were observed by x-ray  analysis.  The areas  of maximum 
delamination  coincided  with  the  areas of h ighes t  pFe l  s t r e s ses .  The e x t e n t  of  delam- 
i n a t i o n  was s i m i l a r  f o r  s t a t i c  and impact  tes t s .  
F i b e r  f a i l u r e  damage was e s t ab l i shed  by t e n s i l e  t e s t s  on small  f iber bundles 
obtained by deplying test  specimens.  ?he  onset of f i b e r  damage w a s  i n  i n t e r n a l  p l i e s  
near  the  lower  surface of t he  p l a t e s .  The d i s t r i b u t i o n  and  amount  of f i b e r  damage 
were similar for impact and s t a t i c  t e s t s .  
INTRODUCTION 
The impact  res is tance of graphite-epoxy composites is much lower  than tha t  o f  
aluminum. Also, because  these  composites  lack  ducti l i ty,   the damage is  of ten  not  
v i s i b l e  from the  impact  side. In  aluminum a i r c r a f t  s t r u c t u r e s ,  t h e  d e n t i n g  from mild 
impacts has not posed a s e r i o u s  problem i n  the  pas t ,  so the problem  has  not  been 
studied  extensively.  Consequently,  neither  the  impact  deformation  mechanics  nor  the 
f a i l u r e  mechanics for low-velocity impacts are well  enough understood to explain the 
behavior of composi tes  or  to  predict  t he  inf luence of varying the matrix or the 
f i b e r s  on their  impact  behavior.  Reference 1 and t h i s  s t u d y  a r e  p a r t  of a concerted 
e f f o r t  a t  NASA Langley Research Center to quantify the impact mechanics under low- 
veloci ty  impacts  and t o  produce superior composites with improved impact resistance. 
I f  a ha rd  ob jec t  s t r ikes  a composite plate,  i t  should ,  a f te r  temporar i ly  con- 
ve r t ing  a l l  impac t  ene rgy  in to  s t r a in  ene rgy ,  rebound without causing significant 
damage.  For e l a s t i c  m a t e r i a l s ,  t h e r e  must  be  a family of impact  events  characterized 
by  low impact   veloci t ies  and high  object  masses. For such a family,  the  deformation 
mechanics a re  essent ia l ly  equiva len t  to  the  deformat ion  mechanics  under  quas i - s ta t ic  
loading.  If  this  family  encompasses common impact  conditions and covers  cases up t o  
the level  of s i g n i f i c a n t  damage, then a l a r g e  f r a c t i o n  of impact  problems  can  be 
s tud ied  th rough  inexpens ive  quas i - s t a t i c  t e s t s  and simple analyses. 
The objec t ive  of t h i s  s tudy  was to  e s t ab l i sh  the  deg ree  of equivalence between 
impac t  t e s t s  and similar s t a t i c  tests f o r  t h i n  8-ply graphite-epoxy plates with a 
quas i - i so t rop ic  [o/45/-45/90Is stacking  sequence. A 25-mm-diameter s t e e l  b a l l  w a s  
chosen as t h e  l i g h t e s t  o b j e c t  c h a r a c t e r i s t i c  of tool-drop  problems.  If  impacts w i t h  
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t h a t  b a l l  a r e  e q u i v a l e n t  t o  t h e  s ta t ic  test, then a l l  impacts from heavier  objects  
should  cor re la te  even  be t te r  wi th  s ta t ic  tests a t  s imi l a r  ene rg ie s .  
The equivalence of deformation mechanics was examined by comparing load dis- 
placement  records  for  the two test types,  matrix damage and f i b e r  damage. Matrix 
damage w a s  e s t a b l i s h e d  by X-ray ana lys i s ,  and f i b e r  damage was e s t ab l i shed  by deply- 
ing the test p l a t e s  and t e s t i n g  narrow f iber  bundles  i n  tension.  
EXPERIMENTAL PROCEDURE 
Impact Tester 
Figure 1 schematically shows an impac t  t e s t e r  cons i s t ing  of  a 25-mm-diameter 
s teel-bal l   impactor  mounted on a f i b e r g l a s s  c a n t i l e v e r .  The b a l l  c a r r i e d  a 20 0009 
accelerometer   with  the  s ignal   l ines  bonded t o  t h e  c a n t i l e v e r .  The specimen  plane was 
l o c a t e d  a t  the  l e v e l  where the   can t i l eve r  i s  unstressed.  The can t i l eve r   l eng th  was 
75 cm and t h e  f l e x u r a l  s t i f f n e s s  w a s  50.1 N-m, measured a t  t h e  impact  center of the 
b a l l .  
The impactor was r a i sed   t o  a f ixed  height  h  and was released.   After   the  
impact,   the  canti lever was caught  to  avoid  multiple  impacts.  The impact  velocity 
Vo has  been  measured  and is w i t h i n  2 percent of t he  ve loc i ty  ca l cu la t ed  f rom-  to t a l -  
energy  considerations.  That is ,  
= i 2 ( k h  2 / 2  + Mgh)/M 
VO 
where 
k f l e x u r a l   s t i f f n e s s  of can t i l eve r ,  50.1 N-m 
g g r a v i t a t i o n a l   a c c e l e r a t i o n ,  9.8 m / s  2 
M e f f e c t i v e  mass of b a l l  and can t i l eve r ,  0.1 1 3  kg 
This simple device produced impact velocities up t o  7 m / s ,  or  impact energies 
of 2.7 J. 
Data  Reduction 
The a c c e l e r a t i o n   h i s t o r y   a t  was d i g i t a l l y   s t o r e d  i n  an  oscil loscope. 1Jsing 
double  in tegra t ion  from the moment of contac t  a t  ve loc i ty  Vo, t he  ve loc i ty  h i s to ry  
vt of t he   ba l l  and p l a t e  i s  
Vo + S a t   d t  
where t is time, and the  displacement   his tory 6, i s  
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The load Pt t r ansmi t t ed  between p l a t e  and b a l l  was the  product  of t he  acce le ra t ion  
and  the mass of  the  ball.   Load-displacement  records  can  thereby  be  obtained from t h e  
accelerometer data.  
x-Ray Delamination Determination 
A z inc  iod ide  so lu t ion  w a s  used as an X-ray opaque f i l l e r  on a l l  specimens. On 
most dynamic tests, the  so lu t ion  w a s  a p p l i e d  t o  t h e  f r o n t  and  back surfaces of the 
impact specimens  af ter   the  t e s t ,  Cap i l l a ry   fo rces   t hen   d i spe r sed   t he   so lu t ion   i n to  
the   de lamina t ion   cav i t ies .   In  many specimens a i r  pockets   remain  inside  the  larger  
c a v i t i e s .  I n  t h e  s t a t i c  tests a fi lm  of z i n c  i od ide  so lu t ion  w a s  appl ied to the  
backface of the specimens before the tests to  avoid  a i r  pene t r a t ion  in to  the  cav i -  
t i e s .  Th i s  method w a s  somewhat supe r io r  t o  app ly ing  the  so lu t ion  a f t e r  t he  tes t .  
However, t he  ove ra l l  ex t en t  of delamination  measurements is no t  a f f ec t ed  by the  a i r  
pockets,  which t y p i c a l l y  form near the center of the  indenta t ion .  
F iber  Bundle Strength Determination 
Graphite-epoxy  specimens were thermally  deplied.  The b e s t   r e s u l t s ,   w i t h   r e s p e c t  
t o  p l y  f l a t n e s s  and matr ix  degradat ion,  were obtained by laying the laminate  between 
two shee ts  of 2-mm-thick aluminum a l loy  to  ma in ta in  f l a tpes s .  Th i s  sandwich w a s  then 
wrapped i n  aluminum f o i l  t o  e x c l u d e  most of the  oxygen. The outgassing of the  matrix 
ins ide   th i s   package  was assumed t o  produce  an  essent ia l ly  i n e r t  environment. The 
laminate w a s  heated i n  a labora tory  oven a t  648 K for  about  1 hour. 
The laminate was separa ted   in to   ind iv idua l   l aminae   a f te r   cool ing .  I n  some 
ins t ances ,  a razor   blade was r equ i r ed   t o   ob ta in  a c lean   separa t ion .  The cen te r  of 
impact had been surveyed relative to the four corners of the rectangular laminate and 
could be r ees t ab l i shed  on each  individual  amina. A 10-mm-wide s t r i p ,   c e n t e r e d  
around  the  impact  location, was then  "s t r ipped"  out  of the  lamina.   This   s t r ipping i s  
relat ively s imple because the deplying process  tends to  produce natural  segregat ion 
in to  uni t s  approximate ly  equal  to  the  or ig ina l  tows .  
The 10-mm s t r i p s  were then subdivided into about  10 approximately equal "tows, " 
each  approximately 1 mm wide.  Again, a razor  blade w a s  sometimes  used i n  t h i s  s p l i t -  
t i ng  ope ra t ion .  The blade follows the  t w i s t  of the  tows so t h a t  minimal f i b e r  damage 
is  produced. 
Before  s t r ipp ing ,  the  or ig ina l  lamina te  dens i ty  was obtained from the weight of 
the  laminate,   the  rectangular  dimensions of the  laminate,  and  the  average  ply  thick- 
ness  of the cured l a m i n a t e .  
The c ross -sec t iona l  area (with matr ix)  of e a c h  s t r i p  w a s  then  ca lcu la ted  from 
the weight of the  s t r ip ,  the length of the  str ip (the only measurable dimension) , and 
the laminate  densi ty .  
Tension specimens were f ab r i ca t ed  by bonding the ends of each str ip between two 
25-mm-square aluminum p l a t e l e t s  ( 1  mm thick)   with  an epoxy f i lm  adhesive.  These 
specimen  end  tabs were cured i n  cur ing   f rames   for  1 hour a t  393 K. The gage  length 
of these tension specimens w a s  50 mm. 
The t e n s i l e  tests were  conducted i n  a table-top screw-driven tension tester. 
Strengths  were computed  from the  maximum load and the computed c ross -sec t iona l  area. 
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The coordinate  of each s t r i p  w a s  defined as the  d i s t ance  of the center  of the 
s t r i p  from the impact  center .  Residual  s t rengths  are  presented as  a function of t h i s  
d i s tance  from the  cen te r  of impact. 
RESULTS AND DISCUSSION 
Deformation Mechanics 
S t a t i c  t e s t s . -  The la rge  deformat ion  so lu t ion  for  a  clamped c i r c u l a r  p l a t e  w a s  
developed i n  reference 1 .  For comparison w i t h  the  impact tests or 50-mm-diameter 
p l a t e s ,  s e v e r a l  s t a t i c  t e s t s  i n  which both  displacements and  lower s u r f a c e  s t r a i n s  
were  measured were repeated on s imilar   plates .   Eight-ply  quasi- isotropic   composi te  
p l a t e s  of Thornel 300 graphi te  i n  Narmco 5208  epoxy r e s i n  (T300/5208)  were  used f o r  
these  tes ts .   Figure 2 is  the  load-displacement   re la t ion  for  a p l a t e   sub jec t ed   t o  a 
load  cycle of 90 percent  of the  average  penetration  load. As found previously,   the 
load-displacement  curve  follows  very  closely  the  large  deformation  laminate 
predict ions  (dash-dot   curve) .  Also, a f t e r   t h e   o n s e t  of delamination  the  load- 
displacement  curve  tends  toward  the  dashed  curve, which represents  a t o t a l l y  
delaminated membrane. The unloading  curve  has a curva ture  s imi la r  to  the  membrane 
curve. Th i s  s imi l a r i t y  ind ica t e s  t ha t  t he  c racked  p l a t e  is dominated by the membrane 
s t re tch ing  behavior .  
For  the same conf igura t ion ,  f igure  3 shows the  strain-gage  response,   over a 1-mm 
gage length  direct ly   under   the  load  point ,   as  a funct ion of displacement. The 
r e s u l t s  from f o u r  t e s t s  show t h a t ,  up to  the displacement  where de laminat ion  s ta r t s  
( 1  .O m m ) ,  the  measured s t r a ins  ag ree  f a i r ly  we l l  w i th  the  p red ic t ed  r e su l t s  fo r  l a rge  
deformation  analysis .  However, once p ly   sp l i t s   deve lop  under  the   s t ra in   gages ,   l a rge  
s c a t t e r  i n  t h e   s t r a i n  measurements r e s u l t s .  I n  f a c t ,   s e v e r a l  specimens  had ind ica t ed  
s t r a i n s  above 16 m s ,  f a r  beyond t h e  s t r a i n  c a p a b i l i t y  of the T300 f ibe r .  In  the 
sec t ion  en t i t l ed  "Fa i lure  Mechanics ,"  it is shown that the outer ply has no s i g n i f i -  
c a n t   f i b e r  damage. It appea r s ,   t he re fo re ,   t ha t   t he   r e s i s t ance   s t r a in   gages   p rov ide  
u n r e l i a b l e  r e s u l t s  above  the s p l i t t i n g  l o a d s .  
Impact t e s t s  .- A number of impact t e s t s  were conducted on specimens  from the 
same composite  plate from  which the  s ta t ic   specimens were taken. The f i r s t  o b j e c t i v e  
was to  es tab l i sh  the  degree  of equivalence i n  deformation  mechanics between the low- 
ve loc i ty   impact   t es t s  and t h e  s t a t i c  t e s t s .  This i s  accomplished by comparing  the 
load and d isp lacement  h is tor ies .  
Figure 4 shows the  acce le ra t ion  t r ace  from  an  impact t e s t  a t  0.61 J energy, 
scaled  to  impact  load.  Figure 5  shows the  corresponding  displacement  trace  obtained 
by double   integrat ion of t he   acce le ra t ion   t r ace .  The force  t race  consis ts   essen-  
t i a l l y  of the f i rs t  mode of plate  deformation,  as  indicated by the dashed l ine repre- 
sen t ing   the   appropr ia te   ana lys i s .  The higher modes of v ib ra t ion  v i s ib l e  i n  the  force 
t race  have  decayed to   negl ig ib le   ampl i tude   near   the  maximum load. The displacement 
t r a c e  shows no v i s ib l e  h ighe r  modes. The res idual   displacement  of about 10 percent  
of the maximum displacement is s imi la r   to   va lues   ob ta ined  i n  s t a t i c  t e s t s .  The f i r s t  
mode ana lys i s ,  of course,  does  not model any residual  displacements ,  as  i s  seen from 
the  dashed  line. The constants  used i n  t he   ana lys i s   a r e   l i s t ed  i n  t ab le  I. The 
l a rge  de fo rma t ion  ana lys i s  fo r  p l a t e s  w i t h  s ign i f icant  shear  deformat ions  was taken 
from reference 1 .  
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TABLE I.- CONSTANTS  FOR ANALYSIS 
Pla t e   r ad ius ,  mm ............................................ 25.4 
Pla t e   t h i ckness ,  mm ......................................... 1.04 
shear  modulus, GPa ........................................... 2.5 
Flexural  modulus, GPa ......................................... 54 
B a l l  r ad ius ,  mm ............................................. 12.7 
Ball mass, g ................................................. 113 
Indentat ion  constant ,  MN-m-3/2 ............................... 250 
Composite dens i ty ,  Mg/m3 .................................... 1.45 
To analyze the higher  modes a n d  t h e  l a r g e  i n i t i a l  l o a d i n g  rate, a simple dynamic 
model of t h e  impact system w a s  analyzed.  Figure 6 shows a two-degree-of-freedom 
model i n  which t h e  i n d e n t a t i o n  s t i f f n e s s  of t he  plate is a massless nonl inear  hys te r -  
e t i c  spring  and i s  coupled t o  t h e  plate  through the  e f fec t ive  mass of t he  plate.  The 
plate s t i f f n e s s  w a s  f u r t h e r  s u b s t r u c t u r e d  i n t o  s h e a r  s t i f f n e s s  and f l e x u r a l  s t i f f n e s s  
i n  paral le l  with a n o n l i n e a r  s p r i n g  t h a t  r e p r e s e n t s  t h e  membrane. A dynamic a n a l y s i s  
of t h a t  model produced  the  load trace shown by the  dashed  l i ne  in  f igu re  7. The 
behavior is very similar t o  the  t e s t - load  trace represented  by the s o l i d  l i n e .  
Examination of the model  shows that  the dominant  higher  mode is  t h e  f i r s t  mode 
o f  v i b r a t i o n  o f  t h e  f l e x u r a l  p l a t e  w i t h o u t  t h e  b a l l  mass. This mode v ib ra t e s  180° 
ou t  of  phase  with  the  shear  and  indentation  spring. The decay  of  amplitude i n  t h e  
second and third cycles  and the consequent  increase in  ampli tude in  the fourth and 
f i f th  cyc le s  canno t  be  modeled  and are obviously relatable t o  energy released by t h e  
damage process. 
Figure 8 shows the  indenta t ion  hys te res i s  loop  produced  by the indentat ion func-  
t ions   used   in   the  model.  These funct ions  have  the  form  suggested  in   reference 2, 
with  Hertzian  loading  and  cubic  unloading.  Figure 9 shows the d isp lacement   t race  
ob ta ined  in  the  dynamic ana lys i s .  I t  a lso is similar t o  b o t h  t h e  tes t  data   and  the 
f i r s t  mode ana lys i s .  
The a n a l y s i s  shows t h a t  t h e  f i r s t  mode a n a l y s i s  of plate  deformation mechanics 
is s u f f i c i e n t l y  a c c u r a t e  to  determine impact loads  and  d isp lacements  in  th in  plates .  
The higher  modes appea r ing  ea r ly  in  the  test  should be of g r e a t e r  s i g n i f i c a n c e  i n  
t h i c k  p l a t e s ,  where the  mass of t h e  plate is of the order  of  the mass of t h e  
impactor. 
F a i l u r e  Mechanics 
Matrix damage.-  The delamination and matrix cracking paral le l  t o  t h e  f i b e r s  ( p l y  
s p l i t t i n g )  were observed i n  b o t h  impact and s ta t ic  tests a t  var ious maximum energy 
leve  Is. 
I n  a l l  cases, s p l i t t i n g  of t h e  lowest p l y  w a s  t h e  f i r s t  v i s i b l e  (ex terna l )  dam- 
age, and it occurred a t  t h e  loads a t  which t h e  s t r a i n  measurements  began to  become 
erratic. Figure 10 shows delaminat ion X rays  of fou r  separate specimens a f t e r  t h e y  
had  been  loaded as ind ica ted .  The load-displacement trace w a s  taken from t h e  speci- 
men with the h ighes t  load .  The t w o  dominant  c racks  in  the  8 th  ply  formed first.  
Delamination  between plies 7 and 8 surrounded these t w o  c racks .  p ly  c racks  i n  
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p l y  7 formed next.  Delamination is v i s i b l e  as a l igh t -gray  shadow. ?he darkness of 
the shadow i n d i c a t e s  the thickness of the dye-penetrant layer,  hence the sepa ra t ion  
between the  plies. No delamination appears d i r e c t l y  u n d e r  t h e  impact center,   because 
t h a t  is the area of zero shear and compressive interlayer stresses. The predominant 
growth of delamination is i n  t h e  d i r e c t i o n  of the 8 th  p ly .  
Figure 11  shows a similar sequence of X rays  from four  impact specimens tes ted 
to  fou r  ene rgy  l eve l s .  The maximum loads  in  each  tes t  are indica ted  on the  load- 
displacement trace for  the specimen impacted with the highest  energy.  The progres-  
s ion  of  damage is similar, wi th  the  dominan t  p ly - sp l i t t i ng  d i r ec t ion  be ing  in  the  8 th  
PlY 
Both the s t a t i c  tests and the  impact tests show tha t  t he  de l amina t ion  and p l y  
c rack ing  p ropaga te  fu r thes t  i n  t he  bo t tom p ly  in  the  f ibe r  d i r ec t ion .  A f u l l  mathe- 
matical ana lys i s  fo r  t he  de fo rma t ion  and fai lure  mechanics  does not  exis t  yet ,  but  a 
three-dimensional visualization of these mechanics is given here .  
The lower pl ies  dominate the failure mechanics of the plate  under a t r ansve r se  
point  load.  Figure 1 2  is an   i somet r ic  view  of t h r e e  f i b e r  strips, the  8 th  p ly  cen te r  
s t r ip  runn ing  unde r  the  load  po in t  pa ra l l e l  t o  s ec t ion  A-A, the  7 th  p ly  center  strip, 
45O t o  t h e  bottom ply, running para l le l  t o  s e c t i o n  B-B, and an off-center s tr ip i n  
the  8 th  p ly .  Under the   l a rge-p la te   deformat ion   ex is t ing   dur ing   the   de lamina t ion ,   the  
center  s tr ip i n  t h e  8 t h  p l y  carries high membrane stresses. As shown i n  s e c t i o n  A-A 
of  f igure  13, the shape of t h a t  s t r i p  i n  t h e  l a m i n a t e d  p la te  has  a s t rong  upward 
concave curvature and is  maintained a t  t h a t  c u r v a t u r e  by t e n s i l e  p e e l  stresses 
between the 7th and 8th plies. A l a r g e  f r a c t i o n  of t h e  s t r a i n  e n e r g y  i n  t h e  8 t h  p l y  
is shed  during  the  delamination. As a r e s u l t ,  t h e  t r a j e c t o r y  o f  t h a t  p l y  i s  
v i r t u a l l y  a s t r a i g h t  l i n e  between  the  load  point  and  the  support .   This  result  i s  
a l s o  shown i n  s e c t i o n  A-A of figure 13. 
The cen te r  s tr ip i n  t h e  7 t h  p l y  is re s t r a ined  from s t r a i g h t e n i n g  i n  a similar 
fashion by the  support  from of f -center  strips in  the  8 th  p ly .  Th i s  i s  shown schemat- 
i c a l l y  i n  s e c t i o n  B-B of f i g u r e  13. I f   the  matrix a c t i o n  i s  ignored,  the  deformation 
of t h i s  m u l t i s t r i p  t r a m p o l i n e  shows that  the 7th ply can shed only a small f r a c t i o n  
of i t s  s t r a in  ene rgy .  
The model shown i n  f i g u r e  14 w a s  constructed to  h e l p  v i s u a l i z e  t h e  i n t e r p l y  
separat ion  in   the  delaminated s ta te .  The model consis ted  of   four   layers   of  2-mm- 
t h i ck  p l ex ig l a s s  strips and  one 8-mm-thick shee t ,  a l l  bonded toge ther  ou ts ide  the  
c i r c u l a r  area. The strips of t he   8 th   p ly   run   ve r t i ca l ly   i n   t he   pho tograph .   Th i s  
r ep resen t s  a composite impact specimen i n  which ply cracks and delaminations have 
progressed  to  the  suppor ts .  The model w a s  deformed in to  the  de f l ec t ed  shape  wi th  a 
25-mm-diameter s t ee l  b a l l .  ?he de lamina t ion  cav i t i e s  were t h e n  f i l l e d  w i t h  dye f o r  
the transmission photograph shown. 
Because  of the tendency of the dye to run downward from the deformation dome, 
l a rge  a i r  bubbles formed  between the  7 th  p ly  and  the  center  s tr ip of t he  8 th  p ly .  
That was the  area of  la rges t  in te rp ly  separa t ion .  Perpendicular  to  p ly  8, a long  the 
d i r e c t i o n  of p l y  5, i s  the  area of least  dye con ten t .  In  tha t  area the   o f f -center  
s t r i p s  i n  t h e  8 t h  p l y  are loaded.   Therefore ,   that  area has  compressive  interply 
stresses throughout  the  thickness.  
The a i r  bubble pointing from the  load  cen te r  i n  the  ind ica t ed  d i r ec t ion  o f  t he  
7 th  p ly  out l ines  the  area of t e n s i l e  peel sepa ra t ion  between plies 6 and 7. This 
area is much smaller than the area between plies 7 and 8. 
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The  X-ray delaminat ion determinat ion revealed delaminat ion pat terns  very similar 
t o  the peel separa t ion  pa t te rn  obta ined  from t h i s  model.  Because the  shea r - s t r e s s  
d i s t r i b u t i o n  i n  t h e  v i c i n i t y  o f  the load  center  is essent ia l ly  axisymmetr ical  and the 
de laminat ion  pa t te rn  is o r i e n t e d  i n  t h e  d i r e c t i o n  of t e n s i l e  peel stresses, the con- 
c lusion can be drawn tha t  the  de laminat ion  progress ion  is dominated by the  low peel 
s t rength of  the matr ix  material ra ther  than  by the shea r  s t r eng th .  The maximum 
delaminat ion  lengths  from s ta t ic  and impact tests are summarized i n  f i g u r e  15. The 
r e s u l t s  i n d i c a t e  t h a t  a t  a l l  energy  leve ls  the  de laminat ion  length  in  the  s t a t i c  
tests is somewhat greater t h a n  i n  t h e  impact tests. But  from  an  engineering 
viewpoint the delamination damage can be considered equivalent .  
O the r  i nves t iga to r s  ( r e f .  3)  have  found t h a t  " s t i t c h i n g "  o f  the laminate 
decreases  delamination.  That is log ica l   i f   de l amina t ion  is, i n  f a c t ,  d r i v e n  by peel 
de laminat ion .  S t i tch ing  has  a g r e a t e r  r e s t r a i n i n g  e f f e c t  on peel ing than on shear  
delamination.  Similarly,  tests showed t h a t  a woven p ly  on the  back  of the  laminate  
delaminates less than two crossed  laminae.   This  also is explainable  because  the 
weave does not allow one f r e e  s t r a n d  t o  peel free  without  involving cross-ply 
s t r ands  . 
Fiber  damage.- Two impact specimens and one static-load specimen were examined 
f o r  f i b e r  damage with  the  deplying-bundle  testing  technique.  This type  of bundle 
t e s t  provided s t rengths  comparable  to  the or iginal  lamina s t rength and,  hence,  pro-  
vided a good estimate of the percentage of f ibers  broken _in a bundle. The method i s  
superior to photomicroscopic examination, because microscopy only reveals damage  on 
the surface and provides less quant i ta t ive  informat ion .  
Figure 16 shows the  r e s idua l  bund le  s t r eng th  d i s t r ibu t ion  fo r  a specimen  loaded 
s t a t i c a l l y  t o  a s t r a in  ene rgy  o f  0.92 J. Figure  16(a)  shows t h e  s t r e n g t h s  f o r  
pl ies  6, 7 ,  and 8. P l i e s  4 and 5, t h e  p a r a l l e l  symmetry plies, w e r e  nonseparable  and 
w e r e  tes ted  together .   Figure  16(b)  shows t h e s e   d a t a   t o g e t h e r   w i t h   d a t a   f o r   p l i e s  2 
and 3. ply 1 is  no t  shown. 
The d a t a  f o r  p l y  6  show t h a t  two strips near  the impact  center  were almost com- 
pletely  broken.  That damage w a s  v i s i b l e   t o   t h e  naked eye. Far from the   load   cen ter  
the bundles have a b a s e l i n e  s t r e n g t h  of  1.26 G P a  with a 10-percent  coef f ic ien t  of 
va r i a t ion .  
The d a t a  f o r  p l y  7 show two test  points  near  the load center  with a reduct ion 
of 30 t o  50 p e r c e n t  i n  s t r e n g t h  below the  average  remote  strength.  Such damage i s  
n o t  u s u a l l y  v i s i b l e  t o  t h e  naked  eye,  and is only rarely found under  an opt ical  
microscope. 
The d a t a  f o r  p l y  8 show  two minima. Although these two da ta  po in t s  are statis- 
t i c a l l y  n o t  s i g n i f i c a n t ,  t h e  p a t t e r n  of two minima around the load center has 
occurred in  other  specimens.  A more ex tens ive  s t a t i s t i ca l  s tudy i s  needed t o  estab- 
l i sh  whe the r  f ibe r  damage i n  some plies does i n  f a c t  s ta r t  i n  an area ou t s ide  the 
load  center .  
In  f igu re  16 (b )  , plies 4 and 5  show s i g n i f i c a n t  damage on  one s i d e  of the load 
cen te r  and a small amount  of damage on the  o the r  s ide  of the  load  center .  P l ies  2 
and 3 show no damage. Ply 1 a l s o  showed no damage and, t o  r e t a i n  c l a r i t y ,  w a s  n o t  
p lo t t ed .  
TO quan t i fy  the  damage in  each ply,  an equivalent-damage width for  each ply w a s  
ca l cu la t ed  from the  in t eg ra l  o f  t he  s t r eng th  r educ t ion  below the remote ply strength.  
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Figure 17  shows the  equ iva len t  damage width for each ply.  Tbe damage i n  p l i e s  4 and 
5 w a s  wholly a t t r i b u t e d  t o  p l y  5, based on observat ion of t h e  f a i l u r e  mode. me 
maximum damage width of 4 mm occurs  for  p ly  6. 
The f i r s t  impact specimen w a s  t e s t ed  fo r  r e s idua l  bund le  s t r eng th  t o  an energy 
of 0.61 J, an   e s t ima ted   t h re sho ld   fo r   f i be r  damage. (See  fig.  18.)  Because of 
excessive deplying temperature ,  a l l  bundles showed a r e l a t ive ly  un i fo rm reduc t ion  in  
s t r e n g t h ,  b u t  as a func t ion  of impact loca t ion ,  plies 5,  6,  and 8  showed no l o c a l  
damage. p ly  7 shows the  two s t r e n g t h  minima around  the  impact  center,  and  an  equiva- 
l e n t  damage width of 0.3 mm w a s  c a l c u l a t e d  f o r  t h a t  s t r e n g t h  r e d u c t i o n .  
Figure 19 shows the  p ly  damage a n a l y s i s  f o r  a l l  8 p l i e s  of an  impact  specimen 
t e s t e d  a t  1.04 J. I n  f i g u r e  1 9 ( a ) ,  a l l  4 lower plies show s i g n i f i c a n t  damage; the 
widest   ply  crack is  i n  p l y  7. In  f igu re  19 (b ) ,  all 4 upper  pl ies  show no s i g n i f i c a n t  
damage near the impact center.  
The equivalent-damage  width  for a l l  t h r e e  specimens i s  summarized i n  f i g u r e  20. 
It shows tha t  t he  maximum damage i n  a l l  cases  i s  e i t h e r  i n  the 6th or  7th ply and 
t h a t  t h e  amount  of f i b e r  damage grows monotonically with the energy of t h e  t e s t  
condi t ion.  
The total-damage width, the sum of the  damage i n  each ply,  i s  p l o t t e d  i n  f i g -  
ure 21 a s  a funct ion of loading  energy. Compared with a s t r a i g h t - l i n e  i n t e r p o l a t i o n  
between  the two impact  da ta  poin ts ,  the  s ta t ic - load  tes t  shows l e s s  f i b e r  damage than 
the  impact   tes t .   This  is c o n s i s t e n t  w i t h  t h e  f a c t  t h a t  t h e  s t a t i c  t e s t s  have 
s l i g h t l y  more matr ix  damage. r h e  s t r a i n  measurements shown i n  f i g u r e  3 i n d i c a t e  
t h a t ,  i f  no matrix damage occur s ,  f i be r  damage should  occur when t h e  s t r a i n s  r e a c h  
1 . 2  pe rcen t  a t  an  ene rgy  l eve l  of about 0.36 J. Ply cracking and delamination there- 
fo re  r educe  € ibe r  s t r a ins ,  and l e s s  f i b e r  damage i s  expec ted  i f  more matrix damage 
occurs. 
Figure 21 a l s o  shows the  pene t ra t ion  energy  for  a  50-mm-diameter p l a t e  from 
reference 1 .  The f i r s t  measurable  f iber damage observed a t  0.61 J occurs a t  a b o u t  
one t h i r d  of the penetrat ion energy.  That  penetrat ion energy was found t o  be con- 
t ro l led  only  by f ibe r  p rope r t i e s ,  p rov ided  tha t  t he  ma t r ix  w a s  b r i t t l e .  
For the  T300/5208 graphite-epoxy, the differences i n  damage mechanics  between 
s t a t i c  and i m p a c t   t e s t s   a r e   s m a l l .   S t a t i c   t e s t s  and a n a l y s i s   a r e   t h e r e f o r e   u s e f u l  
t o o l s  f o r  damage cha rac t e r i za t ion .  
CONCLUSIONS 
Eight-ply quasi-isotropic composite plates of Thornel 300 g raph i t e  i n  Narmco 
5208  epoxy r e s i n  (T300/5208)  were t e s t e d  t o  e s t a b l i s h  t h e  d e g r e e  of equivalence 
between  low-velocity  impact  and s t a t i c  t e s t i n g .  The s tudy  r e su l t ed  i n  the  fol lowing 
conclusions: 
1 .  For thin composite plates,  the deformation mechanics of  low-velocity  impact 
t e s t s  and s t a t i c  tests a r e  s u f f i c i e n t l y  e q u i v a l e n t  t o  a l l o w  s t a t i c  t e s t i n g  f o r  mate- 
r i a l  screening tests. Higher modes of v i b r a t i o n  a r e  r e l a t e d  t o  i n d e n t a t i o n  v i b r a -  
t i ons  and  have l i t t l e  e f f e c t  on the  maxima of displacements and loads.  
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2. For t h e  similar plates the f a i l u r e  mechanics are s u f f i c i e n t l y  e q u i v a l e n t  t o  
use s ta t ic  tests fo r  t he  a s ses smen t  of impact damage and t o  screen  materials. 
3. "he matrix damage w a s  concentrated i n  areas where kinematic considerations 
ind ica t e  h igh  in t e r l amina r  peel stresses ra the r  t han  i n  areas of h igh  shear  stresses. 
4.  The f ibe r  damage w a s  most severe i n  t h e  plies j u s t  i n s i d e  t h e  back su r face  of 
the plates, where t h e  s t r a i n s  are h i g h e s t  i n  t h e  p r e s e n c e  of delamination. 
Langley Research Center 
National Aeronautics and Space Administration 
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Figure 18.- Res idua l  bundle  s t rength  for  lower  p l ies  of  a p la te  impacted  a t  a n  
energy  of 0.61 J. 
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